Introduction 59
Adaptation to changing circumstances is a common, critical consideration in nature 60 (Darwin, 1865) ; however, the neural mechanisms enabling adaptive goal-directed behaviour 61 have yet to be fully elucidated. The anterior cingulate cortex (ACC), a subregion of the on the touch screen. The screen displayed three flashing green horizontal bars on a black 140 background across the screen to indicate a barrier trial and a single non-flashing white bar 141 on a magenta background to indicate a flat trial. To provide auditory camouflage for barrier 142 insertion, the barrier was placed into the maze at the same instant the start gate was 143 opened. Once rats were running >30 trials/session, sessions were extended such that each 144 session required rats to run 120 laps composed of 60 trials without the barrier present (flat 145 trials) and 60 barrier trials presented in pseudo-random order. Rats were considered fully 146 trained when they were running 120 trials within 60 minutes (2/min). Once animals were considered trained, five rats were anaesthetized under isoflurane 149 and stereotaxically implanted in the ACC (AP: 2.7mm, ML: 0.4mm, DV: -1.8mm from dura) 150 with 25 μm Formvar-coated nichrome wires (California Fine Wire) mounted on a 3D-151 printed adjustable microdrive assembly and the VTA (AP: -5.3mm, ML: 1.0mm, DV: -152 8.2mm from dura) with a one non-moveable 127-μm-diameter, nickel-chromium coated 153 wire. Two rats were also implanted at the same ACC coordinate with the microdrive 154 assembly but with a second electrode (a fixed 127-μm-diameter, nickel-chromium coated 155 wire) located in the dorsal CA1 subregion of the hippocampus (AP: -3.6mm, ML: 2.0mm, 156 DV: -2.8mm from dura). The electrodes were grounded by soldering a wire to a jewellers recover during which they had ad libitum food and water. After 10 days, rats' food was 160 reduced to maintain the animal at ~85% of their free-feeding weight to optimize behaviour 161 during the experiment.
162
Postoperative training and protocol 163 After 10 days of recovery, rats were reintroduced to the maze with the head plugs 164 connected to a tethered head stage that housed three light emitting diodes (LEDs) for 165 tracking. Training resumed from the final preoperative stage; all 7 rats quickly recalled the 166 task with no signs of postoperative motor impairment. Once each rat demonstrated three 167 consecutive sessions of 120 trials in less than one hour, data acquisition began. 168 The data acquisition protocol consisted of a three stage, 'ABA' design ( Figure 1B) : 169 seven days with protocol B1, during which the barrier was present in 50% of trials, three 170 days Phase 2, during which touchscreen cues remained and the barrier was either 0% or 171 100% present, regardless of the cue, and three days of B2, in which the barrier was present 172 in 50% of trials. Four rats experienced 0% barrier presence condition during Phase 2 and 173 three rats experienced 100% barrier presence in Phase 2. All seven rats experienced B1 and 174 B2 identically. It should be noted that the rats probably did not attend to the cues as there 175 was no behavioural relevance to them and we found no behavioural or electrophysiological 176 evidence that the cues themselves elicited any specific response.
177

Electrophysiological recordings and data acquisition 178
Local field potentials were recorded using the dacqUSB multichannel recording 179 system (Axona Ltd.). Local field potentials were low-pass filtered at 500 Hz, and sampled at 180 4800 Hz. The animals' position was monitored by a ceiling-mounted video camera 181 connected to a tracking system that monitored the LEDs mounted on the head stage.
182
Tracking data was sampled at 50 Hz and made available to the dacqUSB system. Key events 183 (e.g. trial initiation, the type of trial initiated, when rats got to the barrier region, and when 184 rats reached the reward) were timestamped by inputs from a custom-built neural network 185 of Arduino microcontrollers connected to a digital input-output port on the dacqUSB 186 system.
187
Data analysis 188
All analyses were conducted using MATLAB R2015b (The Mathworks, Boston, MA, 189 USA). Power spectral density (PSD) data for the whole dataset were initially determined 190 using using Welch's estimate method, pwelch in MATLAB. Time resolved LFP power and 191 coherence was then calculated via multi-taper spectrograms and coherograms (Mitra & Bokil, 2008) which used 3 tapers, a reading window of one second, and 85% overlap 193 amongst windows. Data was linearized by dividing the maze path into 9 bins of 3-5cm in 194 length and the position timestamps of rats entering and exiting a given region on a given lap 195 on a given trial type were used to collect relevant pieces of the averaged 4-12 Hz segments of 196 spectrograms and coheragrams which were then averaged for each maze region on each lap, 197 separately. A similar approach was used to collect instantaneous speed data from each maze 198 region for each lap on a given trial type. Task-related causal relationships between ACC-199 VTA and ACC-dCA1, linearly detrended LFPs were assessed with a partial directed 
204
Upon completion of the study, rats were deeply anaesthetized with isoflurane and 205 recording sites were marked with direct current (2mA for 2 s) before transcardial perfusion.
206
Electrode tracks and microlesions marking the electrode position were identified in 32µm 207 thick sections of formalin-fixed tissue stained for Nissl substance (see Figure 2B ). After a 2-second delay, the startbox door opened and rats ran through regions 1-9. B. The experiment consisted of 3 phases: B1 (50% barrier), Phase 2 (either 0% barrier or 100% barrier), and B2 (50% barrier).
Results
209
Task-modulated theta oscillations in ACC and VTA 210 Histology verified that electrodes were located in the regions of interest ( Fig. 2 a-b ).
211
LFP patterns in ACC, VTA, and dCA1 were characteristically different with PSD functions 212 from the ACC having a primary peak at low theta frequencies (3-5 Hz), while both VTA and 213 dCA1 exhibited prominent peaks in both the high theta band (7-9 Hz) and low theta band 214 (3-5 Hz; Figure 2C ). When the LFP data were examined on a region by region basis it was apparent that during 217 phase B1, when the barrier was present 50% of the time, there was a marked difference in 218 theta power, in both the VTA and ACC, and in the coherence between them, when the 219 barrier-absent and barrier-present trials were compared ( Figure 3 ). In barrier-absent trials 220 there was a significant increase in low theta power and coherence that began once the 221 animal approached the region of the maze immediately prior to where the barrier was 222 usually present (region 5). Power increased through the barrier region and then was 223 sustained above the level measured in the starting stem until the animal reached the reward 224 zone (region 9). Power and coherence then remained high until a new trial was started. In 225 barrier-present trials, however, theta power and coherence did not increase prior to or 226 through the barrier region (p < .005 for regions 5-8, respectively, t-tests). Rather, levels 227 remained supressed from the initial turn through until the reward region, at which point 228 ACC and VTA theta power and coherence increased suddenly to become equivalent to that 229 observed in barrier absent trials. This was a large effect (Hedge's g > 1 for regions 5-8, in the reward zone for any animal (region 9, all p > .05, t-tests).
234
In phase 2, the barrier was either not present for all trials (n = 4 animals) or was 235 present for all trials (n=3 animals) irrespective of the cue on the touchscreen, which 236 continued to randomly signal the two types of trials on a 50% basis. For animals where the 237 barrier was absent, an abrupt increase in ACC and VTA theta power, similar to that which 238 occurred in no-barrier trials in phase B1, was detected from regions 5 through 8 in all 239 animals regardless of the trial type cued by the touch screen ( Figure 5 ). For animals where 240 the barrier was present on all trials, theta power remained low across these regions, 241 replicating the effect of barrier-present trials in B1 ( Figure 3 ). An analysis to determine 242 whether the, now irrelevant and probably ignored, cue signal altered responses during 243 phase 2 revealed no significant differences in ACC and VTA responses in regions 5 to 8 244 following the two cue types (all p > .05, t-tests).
245
In the third phase, B2, the barrier was again present on 50% of trials. In a result that 246 replicated condition B1, an abrupt increase in running speed, ACC and VTA theta power, barrier in the barrier-containing region (region 6) of the maze were consistent across days and conditions. Data shown from rat A. VTA and ACC theta power and coherence were greater on trials when the barrier was present than when the barrier was absent across all days of B1 and B2 (p < .005, t-tests). *p < .05, **p < .005, ***p < .0005
260
Task-modulated theta oscillations in ACC and dCA1 261 To assist in determining whether we were detecting a brain-wide phenomenon or 262 activity that might be confined to specific regions, including VTA and ACC, we implanted 263 two rats in both dCA1 and ACC and ran these animals through the procedure. As we had 264 shown previously, in phase B1, we detected abrupt and sustained increases in ACC theta 265 power from region 5 to 8 on no-barrier trials compared to barrier trials (p < .005, t-tests) in 266 both animals (see Figures 4 and 6 ). In the second phase, when the barrier was absent on all 267 trials, a similar abrupt increase in ACC theta power was detected regardless of the, likely 268 ignored, cue (p > .05, t-tests). In phase B2, a significant difference in ACC theta power was 269 detected in regions 5 to 8 when barrier and no-barrier trials were compared (all p < .005, t-270 tests) as we had observed previously. By comparison, recordings from dCA1 showed that 271 there was a much smaller increase in theta power in regions 5-8 in B1 no-barrier trials. The 272 difference between barrier and no-barrier trials was statistically significant (p < .05, t-test; Relationship to running speed 286 We were concerned that our results may have simply been an artefact of changes in 287 running speed; indeed, at first glance, the patterns of power and coherence seemed to 288 parallel changes in speed ( Figure 3 ). However, upon closer inspection, it's clear that 289 running speed and LFP power and coherence are not always changing together. For 290 instance, an increase in running speed occurred in region 4 before the increase in power 291 and coherence was observed (region 5). Furthermore, while running speed is near zero in 292 the reward region, LFP power and coherence is elevated. To formally assess the relationship 293 between running speed and LFP dynamics, we initially conducted correlations (Pearson's R) 294 between the instantaneous running speed and instantaneous theta power (4-12Hz) in ACC, 295 VTA, and dCA1, respectively, across all sessions and all regions of the maze separately for 296 each rat, considering only instances when rats were moving (e.g. speed > 1). All correlation 297 coefficients were near zero and none were significant (all r < 10 -2 , all p > .05; see Figure 7A -298 C and Table 1 ), suggesting that speed and LFP power were modulated independently. To Table   306 2). This differs from lack of correlations observed across the full region as described above.
307
After statistically controlling for running speed as a covariate, the presence or absence of the 308 barrier remained a highly significant factor in the ACC and VTA, but not dCA1, LFP power 309 in all rats (all p < .0005; see Table 3 ). These results indicate that instantaneous running 310 speed and instantaneous VTA and ACC theta power are independently modulated by the 311 effort condition, whereas dCA1 theta power was dependent on running speed. 
317
ACC top-down influence over dCA1 and VTA is modulated by barrier presence 318 We then used a partial directed coherence ( Figure 8A ; see Table 4 for data from all rats). An ANOVA considering B2 returned nearly 329 identical results (see Table 5 ). This interaction is a result of ACC  VTA PDC being higher 
342
To determine if this PDC effect was specific to the barrier region, we also assessed the Figure 8C ; see 348 Table 6 for data from all rats). Similar results were obtained for the ACC-dCA1 PDC
349
ANOVAs (see Table 6 ), These data indicate that in the initial portion of the apparatus, 350 where no variation in task-demands ever occurred, ACC leads VTA and dCA1 activity, 351 respectively, but without the large increase that occurs when the animal discovers the 352 barrier is absent from the barrier-containing region of the apparatus. 358 Table 6 . Individual rat initial segment PDC ANOVA main and interaction effects by implant type in condition B2.
359 Table 4 . Individual rat barrier-region PDC ANOVA main and interaction effects by implant type in condition B1.
Discussion
360
We investigated the influence of physical effort on VTA, ACC, and dCA1 theta (4-12 361 Hz) power, coherence, partial directed coherence (PDC), and running speed as rats ran a 362 rectangular track requiring varying levels of effort to reach a fixed reward. PDC analysis of representations can update spatial and motivational brain states to guide future behaviour.
377
Additionally, we found that ACC and VTA, but not dCA1, theta power, ACC-VTA 378 coherence, and, surprisingly, ACC-dCA1 coherence increased as the rat entered the barrier-379 containing region of the maze on trials when the barrier was absent. In contrast, theta 380 signals did not increase to the same degree across the same region of space when the barrier 381 was present. Once the animal reached the reward region, however, ACC and VTA theta 382 power and coherence as well as ACC-dCA1 theta coherence were independent of the effort 383 condition.
384
Rats' running speeds also increased significantly in the barrier region when the 385 barrier was absent. This may have been due to the reduced physical demands of the task or, significant, suggesting that speed and power were independently driven by the effort condition. Second, and most importantly, after statistically controlling for speed as a 395 covariate in an ANCOVA, the effort condition remained a highly significant factor in ACC 396 and VTA (but not dCA1). Third, if the theta power changes were movement artefacts, it is 397 difficult to explain why activity in the barrier region during the barrier condition, where rats 398 would vigorously leap atop the barrier, was generally equal to that recorded in the initial 399 stem of the apparatus where there was never a barrier. Therefore, rather than being a 400 secondary consequence of behaviour change, our data appear to represent fundamental 401 differences in underlying neural activity that are responsive to the effort condition.
402
Our data may reflect the operation of several different mechanisms, with the 403 possibility that more than one of these operates simultaneously. Two of these include 404 prediction error (Pearce & Hall, 1980) and negative reinforcement (Skinner, 1938) .
405
Prediction error (PE) theory posits that, based on prior experience and outcomes, the brain 406 predicts what will happen in a similar situation and elicits a strong signal when an outcome 407 violates that prediction. In our study, theta power in the ACC and VTA increased markedly Negative reinforcement (NR) models suggest that the removal of an aversive 417 stimulus, such as a barrier, is itself a reinforcer (Skinner, 1938 increased when the rat finds that the barrier is absent, when it has been present in the past.
443
Future experiments are required to verify an assumption of this explanation which, similar 444 to a PE account, assumes the animals' default task model includes the presence of the 445 barrier.
446
It is also possible that our findings can also be explained as a neural correlate of 447 'relief', in that the avoidance of an aversive outcome, such as climbing a barrier, is relieving. 
